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(57) Abstract: Systems, methods, and apparatuses for synthesizing
awireless communication signal are provided. A base expanded ma-
trix is generated, wherein a sum of values in each row of the base
expanded matrix produces a base signal vector. Values in at least
one column of the base expanded matrix are updated to produce an
updated expanded matrix. The values in each row of the updated ex-
panded matrix are summed to produce an updated signal vector. The
updated signal vector is transmitted over a wireless channel.
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DISTRIBUTED RADIO SYSTEM

CROSS REFERENCE TO PRIOR APPLICATIONS

[0001] This application claims the priority benefit of United States Patent Application Serial
No. 62/686,083, filed on June 17, 2018.

BACKGROUND
[0002] Aspects of this disclosure relate generally to communication networks, and more

particularly, to computationally efficient signal synthesis and signal analysis.

[0003] Wireless communication systems (e.g. wireless networks) provide various
telecommunication services, such as telephony, video, data, messaging, and broadcasts.
Wireless communication systems may employ multiple-access technologies capable of
supporting communication with multiple users by sharing available system resources (e.g.,
time, frequency, power). Examples of such multiple-access technologies include code
division multiple access (CDMA), time division multiple access (TDMA), frequency division
multiple access (FDMA), orthogonal frequency division multiple access (OFDMA), single-
carrier frequency divisional multiple access (SC-FDMA), and discrete Fourier transform
spread orthogonal division multiplexing (DFT-s-OFDM). It should be understood that SC-
FDM and DFT-s-OFDM are two names of essentially similar technologies, known as Carrier

Interferometry (CI). However, DFT-s-OFDM is the terminology used in 3GPP specifications.

[0004] These multiple access technologies have been adopted in various telecommunication
and wireless network standards. For example, fifth generation (5G) (also called New Radio
(NR)) wireless access is being developed with three broad use case families in mind:
enhanced mobile broadband (eMBB), massive machine-type communications (mMTC) and
ultra-reliable low-latency communications (URLLC). Beyond 5G refers to visions for future
generations of wireless communications (e.g., 5G-Advanced, 5G-Extreme, 6G) that enable

groundbreaking high-bandwidth, low-latency, massive capacity, and massive connectivity.

SUMMARY
[0005] The following presents a simplified summary of one or more aspects in order to

provide a basic understanding of such aspects. This summary is not an extensive overview of
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all contemplated aspects, and is intended to neither identify key or critical elements of all
aspects nor delineate the scope of any or all aspects. Its sole purpose is to present some
concepts of one or more aspects in a simplified form as a prelude to the more detailed

description that follows.

[0006] To realize 5G and Beyond-5G, new networking technologies are being developed,
beginning with Massive multiple-input multiple output (MIMO), Cooperative MIMO,
millimeter wave communications, non-orthogonal multiple access (NOMA), and device-to-
device (D2D) via proximity services (ProSe). 5G will likely evolve to include mobile and
airborne relays. Many infrastructure functions can be pushed to the network’s edge to reduce
latency, extend coverage, enhance versatility, and exploit the computational resources of the
vast number of user devices. New paradigms, such as software-defined networking and fog
computing are emerging. Artificial Intelligence (Al), such as deep learning neural networks,
can be developed for many network functions, and with access to the vast cloud and fog
resources, spawn new industries. Cooperative Al can be developed for situational awareness,

security, threat mitigation, navigation, financial services, environmental monitoring.

[0007] Network devices commonly perform linear algebra computations. Matrix products are
a central operation in computational applications of linear algebra. Their computational
complexity is O(n?) (for nxn matrices) for the basic algorithm. The complexity is O(n>37?) for
the asymptotically fastest algorithm. This nonlinear complexity means that the matrix product
is often the critical part of many algorithms. Techniques that enable a processor in a network
device to more efficiently compute the matrix product can be useful in one or more of the
networks, applications, and use case families mentioned in this disclosure, as reduced latency,
improved power efficiency, improved computational efficiency, and/or combinations thereof

may be desired.

[0008] Aspects of the disclosure can be configured to operate with any of the multiple-access
technologies, networking technologies, use case families, and telecommunication and
wireless network standards mentioned herein. Al techniques can be integrated with disclosed
aspects, such as with signal coding/decoding in a modem of a network device. Disclosed
aspects can be implemented in a mobile ad hoc network (MANET), peer-to-peer network,
vehicular ad hoc network (VANET), smart phone ad hoc network (SPAN), Cloud-relay
network, flying ad hoc network (FANET), distributed antenna system (DAS), wireless sensor
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network (WSN), wireless personal area network (WPAN), wireless heterogeneous network
(HetNet), Internet area network (IAN), near-me area network (NAN), or any combinations

thereof.

[0009] A network device can include one or more base stations, one or more user equipment
devices (UEs), one or more relay stations, and/or access terminals of various types. A
network device may comprise a virtual machine, a virtual antenna array, a distributed

software-defined radio, a virtual radio transceiver, a fog, a Cloud, or combinations thereof.

[0010] fn some examples, g base siation may mchude or be referred 1o by those skalled in the
art as a base transceiver station, a radio base siation, an access point, an access node, a radio
framsceiver, a NodeB, an eNodeB (&NB). a gNodeB (oNB), a Home NodeRB, a Home eNodeB,
a Horoe gModel, a relay, or some ather surisble teroninology. A UE may mnclude ot be
referred to by those skitied in the art as a mobile siation. a subscriber station, a mobile unit, a
subscriber wnit, a wireless unit, a remote wnt, a mobile device, a wiveless davice, a wireless
comnaneations devige, a remote device, a mobils sabsenber statton, an access terminal, g
mobile tormunal, a wireless terounal, a remote terminal, g handeet, g user agent, a mobile
chient, a client, a modem, or some other sustable termunoclogy. A UE may include or be
referred to as an Internet-of-Thing (IoT) device, an Internet of Vehicles (IoV) device, a
Machine-to-Machine (M2M) device, or a sensor or a data aggregation point (DAP) in a

wireless sensor network.

[0011] In an aspect of the disclosure, a method of wireless communication may include
synthesizing a communication signal and transmitting the communication signal over a
wireless channel. The synthesizing can comprise generating a base expanded matrix having a
plurality of rows and a plurality of columns, wherein a sum of values in each row produces a
base signal vector; updating values in at least one column of the base expanded matrix to
produce an updated expanded matrix; and summing values in each row of the updated
expanded matrix to produce an updated signal vector. The updated signal vector may be the
communication signal that is transmitted over the wireless channel in a wireless
communications network. The method of wireless communication may be performed in

combination with any aspects disclosed herein.
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[0012] In an aspect of the disclosure, a network device comprises a memory and at least one
processor in communication with the memory. The at least one processor may be configured
to perform the method of wireless communication above. The at least one processor may be

configured to perform the method of wireless communication above in combination with any

aspects disclosed herein.

[0013] In an aspect of the disclosure, a computer-readable medium storing computer code
executable by a processor for causing a computer to implement the method of wireless
communication above. The code may be configured to perform the method of wireless
communication above in combination with any aspects disclosed herein. The computer-

readable medium and the code may be referred to as a computer program product.

[0014] In an aspect of the disclosure, a network device (e.g., a wireless communication
device) may include means for synthesizing a communication signal and means for
transmitting the communication signal over a wireless channel. The means for synthesizing
may comprise means for generating a base expanded matrix having a plurality of rows and a
plurality of columns, wherein a sum of values in each row produces a base signal vector;
means for updating values in at least one column of the base expanded matrix to produce an
updated expanded matrix; and means for summing values in each row of the updated
expanded matrix to produce an updated signal vector. The updated signal vector may be the
communication signal that is transmitted over the wireless channel. The wireless
communication device may be further configured to perform any of the aspects disclosed

herein.

[0015] By way of example, but without limitation, means for generating an expanded matrix
can comprise a physical data storage medium, such as (but not limited to) random access
memory, hard drive, virtual memory, and the like; and can comprise a data buffer, for
example, and a data-processor for organizing and/or manipulating data in the data buffer and
optionally provide for managing I/O operations. The means for generating the expanded
matrix can provide a data output format and/or memory-access scheme designed to enable or
facilitate the computational processing disclosed herein. While summing the elements in each
row of the base expanded matrix can produce a base signal vector, the summing describes a
characteristic feature of the base expanded matrix, and is therefore not a required step in

generating the base expanded matrix.
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[0016] By way of example, but without limitation, means for updating can comprise circuits,
processors, or computer program code (stored in memory as software and/or firmware) in
combination with a general-purpose processor configured to perform multiplicative and/or
arithmetic update operations on the data values of the expanded matrix. In some aspects,
updating can be configured to perform bit operations on the data. Update operations may

provide for shifting, swapping, or otherwise rearranging data values in memory.

[0017] Aspects disclosed herein can comprise data-independent updating schedules, data-
dependent updating schedules, and combinations thereof. In some aspects, the parameters to
be updated in a data-independent updating schedule are chosen at random. Aspects may
employ a stochastic partial update algorithm. In one example, parameters to be updated are
partitioned into multiple subsets of the total set of parameters, and then the subsets are
randomly selected to be updated in each iteration. In some aspects, a predetermined schedule

of parameters to be updated in each iteration is provided.

[0018] Update algorithms disclosed herein can be configured to reduce the number of
computations needed to generate a transmission signal (such as a signal having one or more
desired properties), or to process a received signal. The update algorithms can take into
account costs for program and data memory. For example, the reduction in number of
execution cycles might be offset by the additional cycles needed for storing data in
intermediate steps. Thus, a processing metric to be optimized by the algorithm can comprise

any combination of these costs.

[0019] A step size used for updating may be determined to provide desirable conditions, such
as convergence conditions and/or stability. The step size may be constant or it may be
variable based on one or more measurement criteria. In some aspects, conditions on the step

size parameter are derived that provide convergence in the mean and the mean square sense.

[0020] By way of example, but without limitation, means for summing can include program
code that configures a processor to read data from memory such that the read data is grouped
into blocks corresponding to the matrix rows, and then the data values in each row are
summed. Various computer circuitry and/or logic may be configured with an I/O controller to

effect such arithmetic operations. A CPU’s accumulator (e.g., general purpose registers that
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function as an accumulator) may be employed for such arithmetic operations, and the results

can be written to memory to produce the updated vector(s).

[0021] In some aspects, updating comprises an operation developed from a data-symbol
matrix and a weight matrix that commute under multiplication, thereby removing the data-
symbol matrix and its inverse from the operation. For example, data-symbol values and
weight values may be configured functionally to comprise matrix structures that commute at
least with each other under multiplication. These matrix structures can be employed as
operators and/or operands. In some aspects, the data-symbol matrix commutes with the
inverse of the weight matrix. In some aspects, the weight matrix commutes with the inverse
of the data-symbol matrix. In some aspects, the inverse of a base weight matrix (which can be
an initial weight matrix or a previous update weight matrix) is removed by setting the base
weight matrix to an Identity matrix. This can be done implicitly or explicitly. In an aspect, the
initial weight matrix is set to the Identity matrix. In an aspect, the current data-symbol matrix
is set equal to a product of a previous weight matrix with a previous data-symbol matrix. In
an aspect, a previous updated expanded matrix is designated as the current base expanded

matrix.

[0022] In some aspects, a computing system learns and/or detects features in base and/or
updated data, and/or provides updates based on an application of one or more machine

learning algorithms or processes to expanded data.

[0023] In an aspect of the disclosure, means for generating, the means for updating, and the
means for summing comprises a processor; and the network device further comprises a
memory coupled to the processor. The processor may be configured to perform the method of

wireless communication above in combination with any aspects disclosed herein.

[0024] To the accomplishment of the foregoing and related ends, the one or more aspects
comprise the features hereinafter fully described and particularly pointed out in the claims.
The following description and the annexed drawings set forth in detail certain illustrative
features of the one or more aspects. These features are indicative, however, of but a few of
the various ways in which the principles of various aspects may be employed, and this

description is intended to include all such aspects and their equivalents.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0025] The disclosed aspects will hereinafter be described in conjunction with the appended
drawings, provided to illustrate and not to limit the disclosed aspects, wherein like

designations denote like elements, and in which:

[0026] FIGS. 1A, and 2-8 are flow diagrams of example methods, functional components of
an apparatus, and software modules according to aspects of the presents disclosure, which
may be used to synthesize at least one signal that is transmitted over a wireless channel in a

wireless network.

[0027] FIG. 1B is a flow diagram of example methods, functional components of an
apparatus, and software modules according to aspects of the presents disclosure, and which

may be implemented with any of the aspects disclosed herein.

[0028] FIG. 9 is a schematic diagram of example components of a network device, such as a

UE, that can be configured according to aspects of the presents disclosure.

[0029] FIG. 10 is a schematic diagram of example components of a network device, such as a

base station, that can be configured according to aspects of the presents disclosure.

[0030] FIG. 11A is a schematic diagram of example components in a computer processor
(such as a Graphics Processing Unit (GPU)) architecture that can be configured for signal-

processing functions according to aspects of the present disclosure.

[0031] FIG. 11B is a flow diagram that depicts some aspects of the disclosure.

[0032] It is contemplated that elements described in one aspect may be beneficially utilized

on other aspects without specific recitation.

DETAILED DESCRIPTION

[0033] The description that follows includes exemplary systems, methods, techniques,
instruction sequences, and computer program products that embody techniques of this
disclosure. However, it is understood that the described aspects may be practiced without

these specific details. Apparatuses and methods are described in the following description
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and illustrated in the accompanying drawings by various blocks, modules, components,
circuits, steps, processes, algorithms, etc. (collectively referred to as "elements"). These
elements may be implemented using electronic hardware, computer software, firmware, or

any combination thereof.

[0034] In accordance with some general aspects of the disclosure, a data sequence (denoted
by alength-N vector d = [do,...,dw-1]) is processed in a network device to generate a discrete-
time signal (denoted by vector x) of length-N or longer for transmission in a communication
network:

x = FEDCBAd
where A, B, C, D, E, F denote any number of operations performed on d. The operations can
comprise matrix multiplications, invertible transform operations, and/or other linear
operations. The term “matrix” used herein can be understood to include tensors. The
operations can comprise spreading, multiple-access encoding, transform precoding, resource
unit mapping, layer mapping, selective mapping, filtering, pulse shaping, spatial (and/or
frequency) precoding, invertible transforms (e.g., FFT, short-time Fourier transform,
fractional Fourier transform, space-time Fourier transform, geometric Fourier transform,
discrete cosine transform, Gabor transform, Laplace transform, Mellin transform, Borel
transform, wavelet transform, Constant-Q transform, Newland transform, (fast) S transform,
Z transform, Chirplet transform, Wigner transform, integral transform, linear canonical

transform, and multi-dimensional transforms thereof), and/or others.

[0035] In one aspect, A may be a spreading matrix (e.g., one or more spreading code
vectors), B may be a spread-DFT operator (such as an FFT), C may be a pulse-shaping filter,
D may be a MIMO precoding matrix, E may be an OFDM subcarrier mapping, and F may be
OFDM modulation (e.g., an IFFT). Two or more consecutive ones of the operations (e.g., A,
B. C. D, E, F) may be combined into a single operator, thereby exploiting the associative
property of matrix multiplication. The number of operations may be greater than or less than
the number of operations depicted herein. Furthermore, d may comprise transform(s), matrix

product(s), and/or encoded version of data.

[0036] Some aspects disclosed herein relate generally to calculating an update to x (the
update to x being denoted as x™, where update index u > 0) that would result from an update

operation performed on d (or on a product or transform involving d) by configuring a matrix
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expansion of an initial or previous vector x (which may be denoted as x© or x®D) and
performing operations on the matrix expansion. This can avoid repeating the computations of
one or more of the operations (e.g., A, B, C, D, E, F), thereby reducing computational
complexity (e.g., the number of complex multiplications). Thus, the update can be performed
independently of one or more of the operations (e.g., A, B, C, D, E, F). For example, an
update operation on the matrix expansion of d can instead be performed on the matrix
expansion of x© or x"") without needing to account for how any of the operations (e.g., A,

B. C. D, E, F) affect updates to the vector d.

[0037] In one example, an update performed on d can be represented as a Hadamard product

of a length-N weight vector w (= [w((,u), s w,(vu_)l]) with d. A weight vector corresponding

to the initial or previous d is expressed as w© (z = 0). The Hadamard product (also known as
the Schur product or the entrywise product) is a binary operation that takes two matrices of
the same dimensions and produces another matrix of the same dimension as the operands,
where each element i, j is the product of elements i, j of the original two matrices. For two
matrices X and Y of the same dimension mxn, the Hadamard product X o Y is a matrix of the
same dimension as the operands, with elements given by

Xo Y)i,j = (X)i,j(Y)i,j
The Hadamard product is associative and distributive. Unlike the matrix product, the
Hadamard product is commutative. Thus, in some aspects, matrix forms that commute, and
operations thereon, can be configured to provide a result that is analogous to the Hadamard
product of two vectors. For example, diagonal matrices or Toeplitz matrices may be
employed. Disclosed aspects that exploit this and other features can provide advantageous
solutions for synthesizing and/or analyzing signals employed in data communications. Such
aspects can improve the functioning of a computer processor and related technological
processes disclosed herein. Furthermore, data structures disclosed herein can improve the
way a computer processor stores and retrieves data in memory for signal-processing
applications in wireless communications. Some benefits of the disclosed aspects include
faster processing time, improved flexibility for updating signal features, and improvements to
how a computer stores and reads data from memory to perform signal processing. In some
aspects, a network device comprises a modem having a signal-processing component that
includes a signal coding/decoding scheme configured to generate and transmit, or

alternatively, to receive a signal in accordance with the figures and description.
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[0038] The present disclosure provides examples, and is not limiting of the scope,
applicability, or examples set forth in the claims. Changes may be made in the function and
arrangement of elements discussed without departing from the scope of the disclosure.
Various examples may omit, substitute, or add various procedures or components as
appropriate. For instance, the methods described may be performed in an order different from
that described, and various steps may be added, omitted, or combined. Also, features

described with respect to some examples may be combined in other examples.

[0039] FIG. 1A depicts some method and apparatus aspects of the disclosure. Input data
symbols can be formatted (or otherwise implemented functionally) 102 to generate a diagonal
expansion matrix d. The data symbols may be processed for transmission in a wireless
communication network. In accordance with some aspects, the data vector d can be
implemented functionally as an NXN diagonal matrix d with diagonal elements set to the

elements in d:

dy O o 0
(i _ 0 dl 0
0 0 dN—l

This is referred to as a diagonal expansion matrix of d.

[0040] In weight generation 106, one or more (I/) update weights are computed. The weight

vectors can be implemented functionally as NXN diagonal matrix w® with diagonal

elements set to the elements in w®:

W(gu) 0 e 0
‘AN(u) _ 0 Wl(u) o 0
00 - w¥

One or more operations, such as a plurality of operations A,...,F (104. A-104.F), can be
performed on the diagonal expansion matrix (or equivalent representation) of d to produce an
expanded matrix £*, which may be an expanded discrete-time matrix, for example. In some
aspects, an initial weighting w(® (not shown) may be performed explicitly on the data. In

some aspects, the effects of any previous weighting is incorporated into the data values.

10
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[0041] Operations A,...,F (104.A-104.F) can comprise vectors, matrices, and/or tensors, and
can be implemented via transform operations, including fast transforms. In one aspect,
operator A may normally comprise a Hadamard product of vector a with vector d, but is
configured to operate with expanded matrices disclosed herein. For example, a can be
converted to diagonal expansion matrix 4. Then matrix multiplication ad produces an NXN
diagonal matrix whose diagonal elements are the values of the Hadamard product acd. One
or more subsequent operations (e.g., B,... F) are then performed on the diagonal expansion
matrix ad to produce expanded discrete-time matrix ), which can be an initial (index u =

0) or updated (u > 0) expanded discrete-time matrix.

[0042] The methods and apparatus aspects disclosed herein with respect to mathematical
operations and matrix (any matrix, including vectors and tensors) structures can be
implemented functionally so as to effect the disclosed operations and structures. Such
implementations may not explicitly comprise such structures. For example, expanded
matrices, diagonal matrices, and operations thereon may be effected via various data
structures and algorithms in computer code, data storage schemes in memory, circuit designs,

processor architectures, etc.

[0043] In some aspects, an operator (e.g., operation 104.F) can comprise an interpolating
function, such as an interpolation filter. In some aspects, the operator can employ a
Vandermonde matrix. An NXN (or larger: e.g., MNXMN) expanded updated discrete-time
matrix 8™ can be computed from 8® = FEDCBAw™d. Operator F can be an M-N-point
transform (where M is an integer > 1) configured to operate on an MNXMN matrix
constructed, for example, by performing “zero stuffing” or “zero padding” of its input. In one
example, each n'" element of discrete-time signal vector x™ can be generated by summing
(e.g., row summations 110.0-110.U) the elements of the corresponding 7™ row in matrix £,
wherein the n row is expressed as:

)A(r(lu) — M_lN [Xo; XleiZTr(l)n/MN, ,XMN_leiZTr(MN—l)n/MN].

Thus, each element in vector )“(flu) is an addend of the #n™ value of the length-MN discrete-
time vector x®. In one aspect, operator F is an MN-point interpolation filter that operates on

an MNXMN zero-stuffed operand matrix to produce an MNXMN expanded discrete-time

matrix £, and £ is a length-MN vector.

11
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[0044] An expression for F can be derived using computations of an initial or previous (e.g.,

u = 0) candidate expanded discrete-time matrix )A((O):
F=x©d 1w® A-1B-1¢-1p-1E-1

where ()" denotes a complementary or inverse of operation (.), and which is also typically
employed at a corresponding receiver. An updated * can be expressed using the above
substitution for F:

W = xOd-1w®  A-1B-1¢-1D-1E-'EDCBAW™d
where (1 = 0) denotes initial £ and W™, and (x> 0) denotes a 1™ update. The term W(® is
an optional weight matrix (not explicitly shown in FIG. 1A, but could be implemented in or
prior to operator A), which can be a diagonal expansion matrix that multiplies d. In some

aspects, d can be an operator that operates on an update weight matrix.

[0045] The operator terms (E-'E to A'A) drop out, and because the weight and data matrices
are diagonal (and therefore commute under multiplication), the terms can be rearranged to
remove the explicit operations involving d and d* in the update, resulting in updated

expanded matrix, %) expressed as:
N N N _1 N
x® = x@Ow©® W

The values of W(® may be selected so that its matrix inverse is easily computed. For

example, values of £1 are not changed by inversion. The expression is further simplified

when W(© (and thus, vAv(O)_l) is an Identity matrix, which results in the multiplicative update:
£ = x©@©pw

This might be accomplished by using W% 1d as the current expanded data matrix d in the

expression for F. In some aspects, this is effected by designating a previous expanded

discrete-time matrix (e.g., %) to be the base expanded discrete-time matrix, (9.

[0046] FIG. 1B shows some aspects wherein the inverse of the base weight matrix (vAv(O)_l,
which may be the inverse of an initial weight matrix, W(®, or the inverse of a previous
update weight matrix, W®~) may be removed from the computation for * (or AR®™). In
an aspect, the base weight matrix is set to an Identity matrix 151, and the current expanded

data matrix d may be provided via a matrix expansion (e.g., in 152) of previous data d©

12
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(e.g., an initial or previous data vector). For example, the previous data d® may be
designated as the current data d. In an aspect, a Hadamard product 154 (or equivalent
operation) is performed with initial or previous weights and data (w'® and d©), followed by
matrix expansion 156, which effectively incorporates the weights w© into the current
expanded data d. In an aspect, previous data d© and previous weights w are expanded (157
and 158, respectively), and the expanded matrices are multiplied together 159. In some
aspects, a new %0 is selected from an updated expanded matrix from a previous iteration, In
an aspect, subsequent update computations may be made to this new base £ without
employing inverse weights applied to any previous base. Aspects disclosed herein can be

configured for multiplicative and additive updates.

[0047] Updates 108.1-108.U to R?) are depicted as each comprising a matrix multiplication
of £ with one of the W™ (u =1,...,U) to produce ™. However, updates 108.1-108.U
should be understood to comprise equivalent operations on (%), Some aspects provide for
advantageously simple updates 108.1-108.U to the values in 8®. For example, values in

W ® that equal one require no update to corresponding (%) values, diagonal values in W
that equal zero (i.e., the diagonal matrix W) is sparse) can provide for deleting values or
skipping subsequent calculations involving corresponding (%) values, values in W® that
equal minus-one change the signs of corresponding (9 values, and /2 phase shifts can
comprise sign updates to the Real and Imaginary values in £(®). In some aspects, updates can

be implemented as bit operations (e.g., bit shifts, bit permutations, etc.).

[0048] Each expanded matrix 8 (z =0,...,U) is operated upon with a row summing
operation (110.0-110.U), wherein the values in each row of an 8% are summed, thus
reducing the number of columns (i.e., row elements) from MN to one to produce a

(1.‘7)1,. in

corresponding discrete-time signal vector x® (u = 0,...,U). In an aspect, the elements X

each row (n’=0,... ,N'-1) of an N'’XN” matrix ® are summed to convert £ to an N'X1

matrix (i.e., vector) x®. For example, ) can be expressed as:

NN NG
X00 *o1 XoN"—1
NN =)
W = | X0 X141 XN
N N =)
10 N1 T ANSant—1

and a discrete-time signal vector resulting from this conversion can be expressed as:
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x5 £50 + 257 + o+ RN
NORRO) NU))
x = xiu) = Xio TX 14+t Xy
) RO ()
Xn=q XnZ10 T X Tt Xy v

This conversion can be regarded as a transformation of the data from a high-dimensional
space to a space with fewer dimensions. This can be referred to as a feature projection or
feature extraction, and can be implemented in various ways. This approach can be
implemented with higher-dimensional data structures (such as tensors), and can reduce the
dimensionality to a lower-dimension tensor (including a matrix or a vector, for example). The

transformation can be linear or non-linear.

[0049] In some aspects, X is a signal vector, such as a discrete-time signal, a frequency-
domain signal, or an antenna-array (e.g., spatial-domain) signal vector. Signal vector(s) x
may be synthesized and one or more signals x selected to be transmitted over a wireless
channel in a wireless network. Disclosed aspects can perform updates to the expanded-matrix
form of the signal vectors to adjust or select some predetermined measurable signal
parameter in the resulting signal vector(s). Such signal parameters can include signal
amplitude pattern, sparsity pattern, etc. Updates to an expanded matrix can be configured to
change the signal parameters in the signal vector corresponding to the expanded matrix, such
as the signal vector’s data symbol value(s) (such as user data, control data, reference signal
data, etc.), dynamic range, spreading code, precoding, resource element mapping, layer
mapping, and/or pulse shape, for example. In some aspects, the vector xX™ might be a set of
signal values transmitted or received by an antenna array in a given time interval. A
corresponding measurable parameter(s) might be derived from an analysis (e.g., Principal
Component, Independent Component, etc.) of the corresponding expanded matrix that
indicates MIMO performance. Updates to the expanded matrix may provide for selecting
and/or de-selecting transmit and/or receive antennas, such as to improve MIMO performance
for a fixed subset of candidate MIMO antennas. MIMO performance can be characterized by
sum rate, mean per-user rate, spectral efficiency, energy efficiency (e.g., ratio of sum rate to
total energy consumption of the system), eigenvalue-based condition number, bit error
probability, signal to interference plus noise ratio (SINR), outage probability, measures of
correlation between spatial subchannels, Minimum Variance index, and may further account
for CSI estimation overhead, computational complexity of spatial multiplexing, and inherent

limitations due to the variability of the propagation channels.
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[0050] In some aspects, the various updates can be performed via any of the techniques
disclosed herein to generate U candidate data sets in a high-dimensional space. By way of
example, the update weights can effect a selection of transmit antennas and/or receive
antennas in a MIMO array, although other examples that employ other mixing matrices may
alternatively be employed. Dimensionality reduction may be performed on the data matrix, or
on a covariance or correlation of the data matrix for each update. Principal component
analysis (PCA) may be employed, such as to reduce the original space to a space spanned by
a few eigenvectors. In the MIMO example, this can be used to select MIMO array
parameters. In an aspect, the objective is to reduce the number of active antennas, thereby
reducing computational complexity for spatial multiplexing and/or reducing transmitted
power. PCA can be performed via Singular Value Decomposition (SVD) on the updated
expanded matrices or Eigenvalue Decomposition (ED) on a covariance or correlation matrix
generated from the updated expanded matrices or updated vectors. Some aspects can employ
kernel PCA. For example, a kemel method can be implemented for pattern analysis.
Algorithms that can be implemented herein include the kernel perceptron, support vector
machines (SVM), Gaussian processes, PCA, canonical correlation analysis, ridge regression,
spectral clustering, and linear adaptive filters. Some aspects perform pattern analysis on the
updated data, such as to determine types of relations (for example clusters, rankings, principal
components, correlations, classifications) in datasets. Subsequent updates to the data may be
based on such relations, and are referred to as data-driven updates. Various non-linear
techniques that can be employed include manifold learning, such as Isomap, locally linear
embedding (LLE), Hessian LLE, Laplacian eigenmaps, and methods based on tangent space

analysis.

[0051] In one aspect, each vector xX™ can be processed for transmission 112. Transmission
processing 112 can include coupling the signal to at least one antenna and transmitting the
signal over a wireless channel. The plurality of vectors x® (=0,...,U; oru=1,...,U) can be
processed 112 concurrently or sequentially. In some aspects, processing 112 is
communicatively coupled 119 to the weight generator 106 such that processing 112 of at least
a first set of one or more vectors x™ may also select or adapt the update(s) (e.g., weight
generation 106) to produce a subsequent set of one or more vectors x™. This can involve

iterative updates to the weights, and thus, the vectors x. Accordingly, logical and physical
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implementations of aspects depicted by the figures can comprise parallel and/or pipelined

processing configurations. In some aspects, extrinsic data configures weight generation 106.

[0052] As depicted in FIG. 2, in some aspects, the update weight matrix W) comprises an
additive update AW™ to a previous weight matrix: e.g., W®: W® = w© + AR The
additive update AW™ may be a sparse matrix in the diagonal sense, wherein one or more of
the diagonal values are zero. The additive update can change and, in some aspects, even erase
values. It should be appreciated that an operation that erases data is not invertible in the usual
sense. In some aspects, the erased data can be reconstructed using a constructor operator. In
some aspects that employ an expression in which its derivation depends on the inverse of a
singular matrix, a matrix pseudo-inverse may be employed. The Moore-Penrose method is an
exemplary technique. In the case of a sparse diagonal matrix, each diagonal zero value can be
replaced with a non-zero variable vk, followed by deriving the expression that involves the
matrix inverse, and then computing the expression for the limit as each yx approaches zero.

This approach mimics the Residue Theorem used for integrating around singularities.

[0053] In an aspect, the elements in each row of () and AR™ may be summed 110.0-

110.U, wherein AX® = xOAw® s an update expanded matrix, and the resulting base
vector x© and update vector(s) Ax®™ added together in a combining process 212 and then
may be processed for further updating 119 or processed for transmission 112. The combining
212 may produce multiple (U”) different combinations of the vectors x® and Ax®™, and/or
may combine multiple ones of the Ax™ vectors together to generate the multiple U’

candidates x™. In another aspect, the order of combining 212 and summing 110.0-110.U may

be switched. The update may be implemented as ™ = x© + Ax® in a process that
combines 212 expanded matrices, where £ is the ™ updated expanded matrix. The

elements in each row of each ® can be summed 110.0-110.U to produce vector x®.

[0054] Updates disclosed herein, such as multiplicative updates and additive updates, can be
implemented in transmitters and/or receivers. For example, d can comprise a received signal
vector (e.g., digital samples of a received signal). Various operations (such as decoding,
transforms, etc.) might be performed on the received signal to produce d. One or more
operations 104.A-104.F are performed on the diagonal expansion matrix d to produce base

expanded matrix £(9, which, when operated upon by row summation 110.0, provides a data

16



WO 2019/245931 PCT/US2019/037399

sequence x©. Thus, £ can be referred to as a base expanded data-sequence matrix, or a
base expanded data matrix. Multiplicative and/or additive updates (e.g., employing weights
W® and/or AW™) can be made to R(? to effect one or more updates to the data sequence
xO (e.g., xW u=1,... U) without repeating the one or more operations 104. A-104.F. In some
aspects, the weights (e.g., W™ and/or AW™) can comprise filter weights, decoding weights,

or combinations thereof.

[0055] FIG. 3 depicts method and apparatus aspects wherein multiple iterations or multiple
stages can be employed to produce a discrete-time signal for transmission. The plurality of
vectors xW (u=0,...,.U. oru=1,...,U) are compared 312 to some metric that is based on at
least one desired feature of the signal which is improved by the update process. This can
comprise measuring or computing each vector’s x™ feature(s), and comparing the features to
the metric. The metric may be updated based on the features. Based on the feature(s), one or
more of the xWs can be selected 314 for further updates, whereupon the corresponding

£ (s) can be updated in the same manner as . For example, a processing system can
have memory configured to store data, such as expanded matrices ), vector x, weights
W®_ the features, and/or the metric; and this data may be read from the memory and used for
additional processing. Optionally, adaptation of the weights 316 may be performed for
subsequent iterations. The adaptation 316 may be based on x® features of the current
iteration and/or a history of feature measurements, weights, and/or changes to the weights.
Upon satisfying at least one criterion (e.g., a threshold feature measurement, a predetermined
number of iterations, etc.), at least one of the x™(s) is selected, whereupon the xX“(s) may be

further processed for transmission.

[0056] In one example, a computing system operating within a computing environment may
receive a signal that includes current data about at least one of the base expanded discrete-
time matrix, the base discrete-time signal vector, the updated expanded discrete-time matrix,
and the updated discrete-time signal vector. In response to the received signal, the computing
system may load, from a storage unit, historical data characterizing prior base expanded
discrete-time matrices, base discrete-time signal vectors, updated expanded discrete-time
matrices, and/or updated discrete-time signal vectors. For example, the above current data
and/or historical data may comprise features of the matrices and/or vectors. Further, based on

the current data, and on portions of the historical data, the computing system may compute
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updates that produce or improve one or more features in the updated matrices and/or vectors.
The system may employ supervised learning, unsupervised learning, or both to determine the
feature(s) that correspond to one or more desired signal properties in the wireless network,
such as low MIMO condition number, a number of eigenvalues above a threshold value, low
peak-to-average-power ratio (PAPR), low bit-error-rate, high bandwidth efficiency, low
computational complexity, etc.. The system may learn which update schemes enhance the
features (and thus, the corresponding desired signal properties). Disclosed aspects can
configure data into expanded matrices, and provide updates thereto for the purpose of

adaptive filtering and/or classification.

[0057] In some aspects, the computing system may learn and/or detect the features, and/or
provide the update based on an application of one or more machine learning algorithms or
processes to input data that includes, but is not limited to, the current data and portions of the
historical data. Examples of the one or more machine learning algorithms or processes
include, but are not limited to, an association-rule algorithm (such as an Apriori algorithm, an
Eclat algorithm, or an FP-growth algorithm), a clustering algorithm (such as a hierarchical
clustering module, a k-means algorithm, or other statistical clustering algorithms), a
collaborative filtering algorithm (such as a memory- or model-based algorithm), or an

artificial intelligence algorithm (such as an artificial neural network).

[0058] In FIG. 4, one of the operations, such as Operation F (104.F), may be an IFFT, for
example. In some aspects, the input to 104.F may comprise precoded data symbols, such as
data symbols d = [do d1... dn-1]T precoded with an NXN precoding operator S, which can
comprise transform precoding, CDMA precoding, Zadoff-Chu coding, space-time block
coding, spatial multiplexing (e.g., MIMO) precoding, SVD MIMO precoding, transmit
diversity precoding, space-time block coding, or any combinations thereof. The output of the
IFFT (e.g., 104.F) is an expanded discrete-time matrix (®). The weights updates to £(%,
provide for a set of updated expanded discrete-time matrices 8% from which candidate
discrete-time signals x® can be produced. In some aspects the weights W) can provide for
any combination of selective mapping, partial transmit sequence (PTS) scheme, dummy
symbol insertion (e.g., in any resource units, such as tones, MIMO channels, multiple-access
codes, etc.), data-symbol swapping, changing the order of data symbols, symbol constellation

offset (such as dithering, perturbing, scaling, mapping, offsetting, transforming, deforming,
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phase-shifting, and/or rotating symbol constellations). Peak-to-Average-Power Ratio (PAPR)
measurements 412 are computed for each candidate, and the candidate signal x™ with the
best PAPR metric (e.g., lowest PAPR) can be selected 414 for processing 416 to generate the

discrete-time transmission signals.

[0059] The PAPR of a signal xu(?) can be computed from

2 2

pAPR — max |x, (1) _ 1015132§T|xn(t)|
2 NT

E[lx, (©)?2] Wfo |x,(0)|2dt

where L] denotes the expected value. The complementary cumulative distribution function

(CCDF) is a frequently used performance measure for PAPR, which is the probability that the
PAPR of a signal exceeds a given threshold, PAPRo, which is denoted as CCDF = Pr(PAPR
> PAPRo). Other PAPR performance measures may be used, such as peak amplitude, crest
factor, or PAPR normalized with respect to shaping gain. PAPR, as used herein, can refer to
any of the PAPR performance measures or PAPR-based metrics disclosed herein. The
reduction in PAPR results in a system that can erther transoit more bifs per second with the
same hardware, or transmit the same bits per second with lower power and/or less-expensive
hardware. Some aspects, for example, can produce a greater number of candidate discrete-
fime signals for given processing constraints, thus increasing the hikelihood that a signal with

low PAPR can be found.

[0060] In FIG. 5, a MIMO-OFDM transmitter maps 501 one or more (K) data streams to as
many as Nt layers. The MIMO-OFDM transmitter may comprise a single-terminal device
with multiple antennas thereon, a distributed antenna system residing on multiple terminals,
or some combination thereof. The MIMO-OFDM transmitter may comprise UEs (e.g., UEs
with multiple antennas and/or UEs configured as a cooperative array, wherein the UEs can be
networked together and/or to a hub, such as via D2D, near-field, and/or other links), network
infrastructure terminals (e.g., base stations, gNodeB’s, remote radio heads, relays, repeaters,
hubs, gateways, and/or other server-side and/or intermediate network devices), or some

combination thereof.

[0061] Data in each layer is mapped 502.1-502.Nt to Nsc subcarrier frequencies (such as
OFDM tones). For each frequency (fi,... /Nsc), data is arranged 503.1-503.N¢ in blocks of Nt

symbols. The transmitter may employ channel state information (CSI) to calculate precoding
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matrices. For example, for each of the Nsc frequencies (f:), an NeXNt precoding matrix s(f)
can be computed 510. These precoding matrices can multiply 504.1-504. Nt data blocks from
each of the processes 503.1-503.N¢, and may include a step of partitioning 514 each of the
Nsc precoding matrices into Nt blocks of Nt symbols. The multiplication 504.1-504.N¢
comprises an element-by-element multiplication of the data and precoding values to generate
expanded precoded data values X;4...., Xinscs ... XNflr . aXNtha The expanded precoded

data (comprising Nsc rows) corresponding to antenna 1 is operated on by a first M-Nsc-point

IDFT 505.1 to generate an initial expanded matrix Xl ), which is an expansion of the length-

M-Nsc discrete-time vector corresponding to antenna 1. Similar operations are performed for

the other N¢-1 antennas. For example, initial expanded matrix X Nt(o)

Nt. Weight generator 516 generates candidate weight sets w( ),. th) for each antenna,

is generated for antenna

and a multiplication 506.1-506 Nt of the corresponding weights and initial expanded matrices

for each antenna generates an updated (candidate) expanded matrix )“(gu), z(vut) The rows of

each of the updated expanded matrices are summed 507.1-507 Nt to produce the candidate
sets of discrete-time signals xg"),. s XI(V?. The processing described herein can be adapted for

parallel, sequential, and/or partial update techniques. It should be appreciated that elements of

the matrices disclosed herein can each comprise a matrix (i.e., a submatrix).

[0062] The update MIMO-OFDM signal for each antenna (e.g., antenna 1) has the form:
A (0 ~
2@ = 04, Te®4,

The associative property of matrix multiplication along with the commutative property of

multiplication for diagonal matrices of the same size (i.e., for (il A(u) ,and d,) can be
exploited to further simplify the above expression to:

f(i") _ ﬁf’) ~ 1)
This is enabled by the formatting of data symbols and weights into matrices (d, and ’\(u),
respectively) that commute under multiplication. These matrices might be diagonal matrices
or Toeplitz matrices (e.g., Circulant matrices). Row summation is performed relative to each
antenna to produce each updated discrete-time (MIMO-)OFDM signal x®. For each updated
(candidate) weight matrix set, there is a corresponding set of updated (candidate) MIMO-
OFDM signals that can be transmitted from the N¢ antennas. Properties of the signals (e.g.,
MIMO performance, PAPR, etc.) may be measured or computed, compared to a threshold

value(s), and candidate signals may be selected based on the comparison.
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[0063] In an aspect, PAPR of the discrete-time MIMO-OFDM signal x® is computed for at
least one of the Nt antennas. A PAPR-based metric may be computed from the PAPR
measurements. Either the PAPRs or the PAPR-based metrics may be compared for multiple
weight matrix sets, and the weight matrix set (and/or discrete-time signal x™) having the best
PAPR or PAPR-based metric can be selected. PAPR reduction may be performed for certain
ones of the antennas. In some aspects, the metric might be a function (e.g., maximum, mean,
average, etc.) of PAPR for multiple ones of the antennas. Based on the selection, a transmit

MIMO-OFDM signal is synthesized and transmitted from the Nt antennas.

[0064] In some aspects, the weighting matrices can provide for additive updates (including
techniques that employ sparse matrices). Thus, the weighting matrices can be configured in a
partial update method for generating candidate MIMO-OFDM signals. The weight matrices
may provide updates to precoding, the data symbols, or both. The weight matrices may
update layer mapping and/or resource mapping. For example, a weight matrix may update
how data symbols are mapped to a predetermined set of resource units and/or layers. Update
techniques can include updating an antenna selection, such as selecting which antennas in an

antenna array (e.g., a MIMO array) are activated.

[0065] In FIG. 6, a method and apparatus are provided for updating a coding operation 104. A
performed on input data d. In one example, a data symbol d; is encoded (e.g., spread) with a
length-N code vector a; by the coding operation 104.A in a manner that is functionally
equivalent to the following mathematical operations. Data symbol d; is repeated N times to
produce length-N data vector d. Operation 104. A can perform a Hadamard product x.© = a; o
d, followed by a diagonal matrix expansion of the product, wherein the diagonal elements of

expanded matrix x. are the values of x..

[0066] Additional operation(s) (e.g., 104.F) can be performed on the expanded matrix xg") to

produce £¢°), which is an expanded matrix of the encoded data. One or more (U) code

updates a® are provided 606 (e.g., generated or retrieved from memory), and employed to
update the base or previous expanded matrix (X(?), which is generated and/or retrieved from

memory:
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X — 503
It should be appreciated that code updates a® can be referred to as weights. In some aspects,

a code update ;(u) can comprise a scalar multiplier that effects an update to data symbol d,
such as to change d; from one symbol value to another symbol value. In other aspects,
updates to the data can be performed independently from the code updates. Disclosed aspects
related to code updates can be implemented in a transmitter that employs code index

modulation. In an aspect, the codes a; have a frequency-domain signature characterized by a

sparsity pattern of OFDM tones (subcarrier frequencies), and the updates a® can be
configured to update the frequency-domain signature of the transmission. This aspect may be

employed to effect OFDM index modulation.

[0067] By way of example, binary codes are efficiently updated, since -1 code values result
in only a sign change to corresponding values in the expanded matrix £, and +1 values

result in no changes. In some aspects, code update 606 can be implemented in an additive

update system, such as depicted in FIG. 2. Thus, code updates a® can comprise sparse

diagonal matrices, wherein one or more of the diagonal values are zero. In the case of ternary

codes, for example, additive or multiplicative updates a® can be sparse diagonal matrices.

[0068] Aspects disclosed herein can employ Gray codes, Inverse Gray codes, Walsh codes,
Gold codes, Golay codes, CI codes, maximal-length sequences, Barker codes, Kasami codes,
Zadoff-Chu codes, chirp codes, Reed-Muller codes, quadratic residue codes, twin prime,
ternary codes, quaternary codes, higher-order codes, vector signaling codes, polar codes, and
adaptations thereof, such as concatenating, truncating, cyclic shifting, superimposing,
combining via element-wise multiplication, and/or inserting zeros into any of the
aforementioned codes. Sparse codes can have non-zero elements that are drawn from
orthogonal or non-orthogonal code dictionaries, which can include any of the codes

mentioned herein.

[0069] In some aspects, operation 104 A is followed by DFT-spreading, which outputs
frequency-domain symbols. These symbols are mapped to input frequency bins of an IFFT,
which generates expanded discrete-time matrix £(%). In this case, x.© is a time-domain

sequence. In some aspects, it is advantageous to perform an operation in one domain (e.g.,

22



WO 2019/245931 PCT/US2019/037399

time domain) to effect an operation in another domain (e.g., frequency domain), the
relationship between the domain operations being defined by the transform properties. For
example, a frequency shift may be implemented by multiplying an encoded sequence x|n] (or

a code sequence) with a phase shift:

e x[n] P X(ei(w_¢))

wherein o is the frequency of the corresponding frequency-domain samples of X(), and ¢
indicates a phase shift applied to a code sequence or coded sequence x|n], which results in a
frequency offset of the X() samples. The phase shift can be a code update. In disclosed
aspects, the code update can operate on the expanded discrete-time matrix £ to effect a
desired frequency-domain operation, thus avoiding the need to repeat DFT-spreading,

resource-element mapping, and the IFFT. This reduces computational complexity.

[0070] In one aspect, a phase-shift update to R can provide a cyclic shift in the
corresponding frequency-domain symbols. This can be useful in systems that employ
receivers that perform decoding in the frequency domain, as some disclosed aspects can
efficiently change the transmitted frequency-domain codes via updates to the expanded
discrete-time signal (%), additive updates in the expanded discrete-time signal space, and
other operations in the expanded discrete-time signal space. In some aspects, code sequence
a; has a corresponding frequency-domain code space a; that is sparse (i.e., one or more values
of j are zero), and the code updates to 9 provide for updates to the sparse frequency-
domain code a;. The code sequence a; can be configured to have a first predetermined
sparsity pattern (i.e., a pattern of non-zero elements) in the frequency domain, and updates to
£ can be configured to provide an updated sequence (e.g., x™) having a second frequency-
domain sparsity pattern. The sparsity patterns may be the same or different. A phase-shift
update to £ can be operable to remap (i.e., change the mapping of) the DFT-spread

symbols to the IFFT inputs, which effectively updates resource unit (e.g., resource element)

mapping.

[0071] Other transform properties can be exploited in a similar manner as disclosed herein,
including, but not limited to transform properties associated with time shifting, convolution,
correlation, multiplication, modulation, scaling, and filtering. Aspects disclosed herein can be
configured with respect to any of the Fourier transforms and/or other transforms mentioned

herein.
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[0072] In FIG. 7, a NOMA scheme, such as sparse code multiple access (SCMA) can be
performed. A plurality of data bits b in each layer are mapped 702 to data symbols or to one
or more code sequences a;, wherein the output can be formatted as a diagonal matrix
expansion d. The mapping 702 can employ one or more codebooks. For example, each layer
may have its own codebook. The data d can comprise one or more data symbols spread with
the one or more code sequences. Operations A-F (104.A-104.F) can comprise DFT spreading,
followed by resource element mapping, followed by an IFFT. Code sequence a; can be
selected such that its frequency-domain code space a; is effectively an SCMA codeword. The
output of the IFFT, for example, Operation F (104.F), is an expanded discrete-time matrix
20 of a discrete-time SCMA signal. Updates to the code sequence(s) aj, and thus the
corresponding SCMA codeword(s) aj, may be generated or read from memory (706).
Multiplicative update(s) 108.1-108.U (or additive updates 212) performed on (% in
disclosed aspects can effectively change the SCMA codeword(s). An SCMA receiver can
demodulate the received OFDM-SCMA signals (e.g., with an FFT) and decode the
frequency-domain symbols based on a message-passing algorithm, successive interference
cancellation, or other advanced-receiver design. UE codebooks can assist the receiver in
decoding received signals. Disclosed aspects can be configured for decoding operations in a

NOMA receiver.

[0073] In one aspect, codewords employed by each layer have a layer-specific sparsity
pattern, which may differ from sparsity patterns associated with other layers. Code sequence
a; can be selected to provide x@ with an SCMA sparsity pattern corresponding to a first layer
(e.g.. a first code book), and code updates 706 to the base expanded discrete-time matrix £(®
can provide for updated discrete-time sequences x™ with the same SCMA sparsity pattern. In
one aspect, a base code sequence ao having a predetermined SCMA sparsity pattern (such as
corresponding to a codebook for layer 1) is provided to Operation(s) 104. A-104.F to produce
the base expanded discrete-time matrix (9. As the transmitter receives layer 1’s data bits, it
arranges the bits into blocks, and the bits-to-code sequence mapping 702 regulates the
generation (or selection) 706 of matrix-expansion updates 4™ for each block, which produce
discrete-time sequences x with the same sparsity pattern as ao. This can constitute
codeword mapping. This can be performed in serial and/or in parallel. In some aspects, each

block is mapped to more than one codeword. In some aspects, codewords may be summed,
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which can be implemented by summing two or more of the discrete-time sequences x©.

Updates 108.1-108.U can be made: )A((u) = )A((O):jl(u), followed by row summing 110.1-110.U
and processing 112. The transmitter can be configured to generate SCMA signals for multiple
layers. In some aspects, symbol-to-codeword mapping effected by 702 and 706 can comprise
providing for updates that cause the updated sparsity pattern(s) (e.g., for x¥) to differ from
the base sparsity pattern (e.g., for x®). This might be done to configure a transmitter to
process different layers, when there is a codebook change, or when a codebook calls for

changing the layer’s sparsity pattern.

[0074] In some aspects, FIG. 7 can be configured to implement code-sequence index
modulation, wherein the code sequences are configured to have SCMA frequency-domain
signatures. In some aspects, FIG. 7 can be configured to implement OFDM index modulation
(OFDM-IM) by providing for code sequence index modulation, wherein the code sequences
are designed to have different frequency-domain sparsity patterns. These sparsity patterns can
include different active OFDM tone patterns, including different numbers of active OFDM
tone patterns (subcarrier number index modulation). By way of example, mapping 702 can
perform a bits-to-code-index mapping, and each code index is then input to update 706 to
generate the code update(s). The update(s) can have the form of a code-sequence update,
which indirectly effects an SCMA code update or sparsity pattern update without repeating
the IFFT (and possibly other functions). This can significantly improve computational
efficiency. The updates can be implemented via multiplicative and/or additive updates
disclosed herein. In some aspects, some of the data bits are mapped to data symbols (e.g., in
702), which are then effectively modulated onto index-modulation selections of SCMA
codewords or individual ones of the OFDM-IM tones via the generation or selection of
update codes 706. For example, data symbol modulation and code index modulation can be
combined in 706 by configuring the generation or selection of updates 4% that result in
discrete time sequences x having the desired frequency-domain signature (i.e., SCMA
codewords or OFDM-IM tones with data symbols modulated thereon). In other aspects, data

symbol modulation may be performed separately from (e.g., following) index modulation.

[0075] FIG. 8 illustrates method and apparatus aspects that can be configured to generate
data-modulated waveforms for transmission, and/or possibly other uses. By way of example,

bits-to-symbol(s) mapping 802 can map an initial block of data bits b to one or more data
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symbols that are processed by one or more processing blocks 104.A-104.F to produce at least
one base expanded matrix (9, such as a base expanded discrete-time matrix. Bits-to-
symbol(s) mapping 802 can map one or more subsequent blocks of data bits b to one or more
subsequent data symbols, which symbol update module 806 can use to generate one or more
symbol updates d® (which can be referred to as weights). In some aspects, bits-to-symbol(s)
mapping 802 directly maps bits to the symbol update(s) d®. The symbol updates d® can be
employed in one or more multiplicative updates 108.1-108.U (and/or additive update(s)) to
produce one or more updated expanded matrices 8. Row summation 110.0-110.U can

precede additional processing, such as processing for transmission 112.

[0076] Disclosed aspects can be combined. For example, updates disclosed herein can effect
updates (referred to generally as update weights W) to multiple signal parameters of the
discrete-time signal x, including updates to data symbol values modulated thereon and at
least one of the Operations 104. A-104.F, and updates to multiple ones of the Operations
104.A-104.F. In some aspects, multiple updates can be made concurrently via application of
an update weight W™ to an expanded matrix (e.g., R(??). In other aspects, multiple updates
can be made iteratively or serially, such as by employing a first (multiplicative and/or
additive) update to a first expanded matrix to produce a first updated expanded matrix,
followed by employing at least a second (multiplicative and/or additive) update to the first
updated expanded matrix to produce at least a second updated expanded matrix. In some
aspects, the order of disclosed operations may be rearranged. In one aspect, data modulation

follows waveform generation.

[0077] In some aspects, a network device (e.g., a UE, base station, relay, or group thereof)
employs an operating signal processing component with a signal coding/decoding component
(in conjunction with one or more processors, memories, transceivers, RF front ends, and
antennas) to generate a base expanded matrix based on data to be transmitted in a wireless
communication network, or based on samples of a received signal in the network; update
values in at least one column of the base expanded matrix to produce an updated matrix; and
sum values in each row of the updated matrix to produce a signal vector. In a transmit mode,
the signal vector may be processed for transmission as a discrete-time signal. Alternatively,
in a receive mode, the signal vector may be further processed, such as to provide for

demultiplexing, decoding, filtering, etc.
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[0078] FIG. 9 is an example implementation of a UE, which may include a variety of
components, such as one or more processors 912, memory 916, and transceiver 902 in
communication via one or more buses 944, which may operate in conjunction with modem
940, signal processing component 950, and signal coding/decoding component 952 to enable
one or more of the functions described herein. The one or more processors 912, modem 914,
memory 916, transceiver 902, RF front end 988, and one or more antennas 986 may be
configured to support communications (simultaneously or non-simultaneously) in one or
more radio access technologies. In some implementations, at least one of the RF front end
988, transmitter 908, and modem 940 may comprise or form at least a portion of means for
transmitting a communication signal. In some implementations, at least one of the RF front
end 988, receiver 968, and modem 940 may comprise or form at least a portion of means for

receiving a communication signal.

[0079] In an aspect, the one or more processors 912 can include a modem 914 that uses one
or more modem processors. The various functions related to signal processing component
950 and signal coding/decoding component 952 may be included in modem 140 and/or
processors 1212 and, in an aspect, can be executed by a single processor. In other aspects,
different ones of the functions may be executed by a combination of two or more different
processors. For example, in an aspect, the one or more processors 912 may include any one
or any combination of a modem processor, a baseband processor, a digital signal processor, a
transmit processor, a receiver processor, or a transceiver processor associated with
transceiver 902. In other aspects, some of the features of the one or more processors 912
and/or modem 940 associated with signal processing component 950 and signal

coding/decoding component 952 may be performed by transceiver 902.

[0080] Memory 916 may be configured to store data used herein and/or local versions of
applications 975 or signal processing component 950 and/or one or more of its
subcomponents being executed by at least one processor 912. Memory 916 can include any
type of computer-readable medium usable by a computer or at least one processor 912, such
as random access memory (RAM), read only memory (ROM), tapes, magnetic discs, optical
discs, volatile memory, non-volatile memory, and any combination thereof. In an aspect, for
example, memory 916 may be a non-transitory computer-readable storage medium that stores

one or more computer-executable codes defining signal processing component 950 and/or
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one or more of its subcomponents, and/or data associated therewith, when the UE is operating
at least one processor 912 to execute signal processing component 950 and/or one or more of

its subcomponents.

[0081] Transceiver 902 may include at least one receiver 906 and at least one transmitter
908. Receiver 906 may include hardware, firmware, and/or software code executable by a
processor for receiving data, the code comprising instructions and being stored in a memory
(e.g., computer-readable medium). Receiver 906 may be, for example, a radio frequency (RF)
receiver. In an aspect, receiver 906 may receive signals transmitted by at least one base
station. Additionally, receiver 906 may process such received signals, and also may obtain
measurements of the signals, such as, but not limited to, Ec/lo, SNR, RSRP, RSSI, etc.
Transmitter 908 may include hardware, firmware, and/or software code executable by a
processor for transmitting data, the code comprising instructions and being stored in a
memory (e.g., computer-readable medium). A suitable example of transmitter 908 may

including, but is not limited to, an RF transmitter.

[0082] Moreover, in an aspect, the UE may include RF front end 988, which may operate in
communication with one or more antennas 965 and transceiver 902 for receiving and
transmitting radio transmissions. RF front end 988 may be connected to one or more antennas
965 and can include one or more low-noise amplifiers (LNAs) 990, one or more switches
992, one or more power amplifiers (PAs) 998, and one or more filters 996 for transmitting

and receiving RF signals.

[0083] The PA(s) 998 may be used by RF front end 988 to amplify a signal for an RF output
at a desired output power level. In an aspect, RF front end 988 may use one or more switches
992 to select a particular PA 998 and its specified gain value based on a desired gain value
for a particular application. In an aspect, the PA(s) 998 may have programmable (or
otherwise selectable) back-off values. The PA(s) 998 back-off may be selectable by one or
more processors 912 based on the computed PAPR for a discrete-time transmit signal (e.g.,

X(u)).

[0084] Also, for example, one or more filters 996 can be used by RF front end 988 to filter a
received signal to obtain an input RF signal. Similarly, in an aspect, for example, a respective

filter 996 can be used to filter an output from a respective PA 998 to produce an output signal
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for transmission. In an aspect, each filter 996 can be connected to a specific LNA 990 and/or
PA 998. In an aspect, RF front end 988 can use one or more switches 992 to select a transmit

or receive path using a specified filter 996, LNA 990, and/or PA 998, based on a

configuration as specified by transceiver 902 and/or processor 912.

[0085] As such, transceiver 902 may be configured to transmit and receive wireless signals
through one or more antennas 965 via RF front end 988. In an aspect, transceiver may be
tuned to operate at specified frequencies such that the UE can communicate with, for
example, one or more base stations or one or more wireless networks. In an aspect, for
example, modem 940 can configure transceiver 902 to operate at a specified frequency and
power level based on the UE configuration and the communication protocol used by modem

940.

[0086] In an aspect, modem 940 can be a multiband-multimode modem, which can process
digital data and communicate with transceiver 902 such that the digital data is sent and
received using transceiver 1202. In an aspect, modem 140 can be multiband and be
configured to support multiple frequency bands for a specific communications protocol. In an
aspect, modem 140 can be multimode and be configured to support multiple operating
networks and communications protocols (e.g., radio access technologies). In an aspect,
modem 940 can control one or more components of the UE (e.g., RF front end 988,
transceiver 902) to enable transmission and/or reception of signals from the network based on
a specified modem configuration. In an aspect, the modem configuration can be based on the
mode of the modem and the frequency band in use. In another aspect, the modem
configuration can be based on UE configuration information associated with the UE as

provided by the network.

[0087] FIG. 10 is an example implementation of a base station, which may include a variety
of components, some of which have already been described above, but including components
such as one or more processors 1012 and memory 1016 and transceiver 1002 in
communication via one or more buses 1044, which may operate in conjunction with modem
1040, signal processing component 1050 and signal coding/decoding component 1052 to

enable one or more of the functions described herein.
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[0088] The transceiver 1002, receiver 1006, transmitter 1008, one or more processors 1012,
memory 1016, applications 1075, buses 1044, RF front end 1088, LNAs 1090, switches

1092, filters 1096, PAs 1098, and one or more antennas 1065 may be the same as or similar
to the corresponding components of the UE, as described above, but configured or otherwise
programmed for base station operations as opposed to UE operations. In some
implementations, at least one of the RF front end 1088, transmitter 1008, and modem 1040
may comprise or form at least a portion of means for transmitting a communication signal. In
some implementations, at least one of the RF front end 1088, receiver 1068, and modem 1040

may comprise or form at least a portion of means for receiving a communication signal.

[0089] FIG. 11A illustrates a graphics processing unit (GPU) architecture that can be
optimized for signal-processing functions disclosed herein. The hardware and/or software can
optimize expanded-matrix processing operations and partial updates, which include a variety
of optimization solutions specific to sparse processing. The GPU architecture can be adapted
for optimizing global memory access, optimizing shared memory access, and exploiting reuse
and parallelism. Optimizing sparse processing operations can include characterizing memory
access cost, access pattern, type and level of memory, and exploiting data locality. Exploiting
reuse can include caching each element in on-chip memories, and exploiting parallelism can

include employing synchronization-free parallelism.

[0090] Aspects disclosed herein can provide for optimizing dense and/or sparse operations
(including sparse matrix-matrix multiplication, sparse transforms, and other operations that
involve or are based upon diagonal expansion matrices and/or expanded discrete-time
matrices) on graphics processing units (GPUs) using model-driven compile- and run-time
strategies. By way of illustration, FIG. 11A depicts a GPU parallel computing architecture
that includes Nsm levels of streaming multiprocessors (SMs) 1110.1-1110N (SM 1, SM 2,...,
SM Nsm), each comprising a shared memory component 1112, a level of M registers 1114.1-
1114.M, alevel of streaming processors (SPs) 1116.1-1116. M (SP 1, SP 2,..., SP M), an
instruction unit 1118, a constant cache component 1120, and a texture cache component
1122. There are various memories available in GPUs, which can be organized in a hybrid
cache and local-store hierarchy. The memories can include off-chip global memory, off-chip
local memory, on-chip shared memory, off-chip constant memory with on-chip cache, off-
chip texture memory with on-chip cache, and on-chip registers. An off-chip device memory

component 1124 can include global memory and/or constant and texture memory. The GPU
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architecture can include or be communicatively coupled 1101 to a CPU 1104 and a CPU
memory 1106, which may be adapted to store computer-readable instructions and data for
performing the activity of the CPU 1104. The CPU 1104 may be in operative communication
with components of the GPU architecture or similar components via a bus, a network, or
some other communication coupling. The CPU 1104 may effect initiation and scheduling of

the processes or functions performed by the GPU architecture.

[0091] The shared memory 1112 is present in each SM 610.1-610.Nsm and can be organized
into banks. Bank conflict can occur when multiple addresses belonging to the same bank are
accessed at the same time. Each SM 1110.1-1110.N also has a set of registers 1114.1-
1114.M. The constant and texture memories are read-only regions in the global memory
space and they have on-chip read-only caches. Accessing constant cache 1120 is faster, but it
has only a single port and hence it is beneficial when multiple processor cores load the same
value from the cache. Texture cache 1124 has higher latency than constant cache 1120, but it
does not suffer greatly when memory read accesses are irregular, and it is also beneficial for

accessing data with two-dimensional (2D) spatial locality.

[0092] The GPU computing architecture can employ a single instruction multiple threads
(SIMT) model of execution. The threads in a kernel are executed in groups called warps,
where a warp is a unit of execution. The scalar SPs within an SM share a single instruction
unit and the threads of a warp are executed on the SPs. All the threads of a warp execute the
same instruction and each warp has its own program counter. Each thread can access
memories at different levels in the hierarchy, and the threads have a private local memory
space and register space. The threads in a thread block can share a shared memory space, and

the GPU dynamic random access memory (DRAM) is accessible by all threads in a kernel.

[0093] For memory-bound applications, such as matrix-matrix multiplication, it is
advantageous to optimize memory performance, such as reducing the memory footprint and
implementing processing strategies that better tolerate memory access latency. Many
optimization strategies have been developed to handle the indirect and irregular memory
accesses of sparse operations, such as sparse matrix vector multiplication (SpMV), for
example. SpMV-specific optimizations depend heavily on the structural properties of the
sparse matrix, and the problem is often formulated as one in which these properties are

known only at run-time. However, in some aspects of the disclosure, sparse matrices have a
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well-defined structure that is known before run-time, and this structure can remain the same
for many data sets. This simplifies the problem and thereby enables better-performing
solutions. For example, weight update operations disclosed herein can be modeled as SpMV
with a corresponding sparse operator matrix. If the structural properties of the sparse operator
matrix are known before run-time, the hardware and software acceleration strategies can be

more precisely defined.

[0094] The optimal memory access pattern is also dependent on the manner in which threads
are mapped for computation and also on the number of threads involved in global memory
access, as involving more threads can assist in hiding the global memory access latency.
Consequently, thread mapping schemes can improve memory access. Memory optimization
may be based on the CSR format, and the CSR storage format can be adapted to suit the GPU

architecture.

[0095] Some aspects can exploit synchronization-free parallelism. In an SpMV computation,
the parallelism available across rows enables a distribution of computations corresponding to
arow or a set of rows to a thread block as opposed to allocating one thread to perform the
computation corresponding to one row and a thread block to handle a set of rows. A useful
access strategy for global memory is the hardware-optimized coalesced access pattern when
consecutive threads of a half-warp access consecutive elements. For example, when all the
words requested by the threads of a half-warp lie within the same memory segment, and if
consecutive threads access consecutive words, then all the memory requests of the half-warp

are coalesced into one memory transaction.

[0096] One strategy maps multiple threads per row such that consecutive threads access
consecutive non-zero elements of the row in a cyclic fashion to compute partial products
corresponding to the non-zero elements. The threads mapped to a row can compute the output
vector element corresponding to the row from the partial products through parallel sum
reduction. The partial products can be stored in shared memory, as they are accessed only by

threads within a thread block.

[0097] Some techniques can exploit data locality and reuse. The input and output vectors can
exhibit data reuse in SpMV computation. The reuse of output vector elements can be

achieved by exploiting synchronization-free parallelism with optimized thread mapping,
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which ensures that partial contributions to each output vector element are computed only by a
certain set of threads and the final value is written only once. The reuse pattern of input

vector elements depends on the non-zero access pattern of the sparse matrix.

[0098] Exploiting data reuse of the input vector elements within a thread or among threads
within a thread block can be achieved by caching the elements in on-chip memories. The on-
chip memory may be, for example, texture (hardware) cache, registers, or shared memory
(software) cache. Utilizing registers or shared memory to cache input vector elements can
include identifying portions of a vector that are reused, which in tumn, requires the
identification of dense sub-blocks in the sparse matrix. For a predetermined set of sparse
weight vectors, this information is already known. Preprocessing of the sparse matrix can be
performed to extract dense sub-blocks, and a block storage format can be implemented that
suits the GPU architecture (e.g., enables fine-grained thread-level parallelism). If the
sequence length of the data symbols does not vary, then the sub-block size remains constant,
which avoids the memory access penalty for reading block size and block index, as is

typically required in SpMV optimizations.

[0099] Techniques described herein can include tuning configuration parameters, such as
varying the number of threads per thread block used for execution and/or varying number of
threads handling a row. To achieve high parallelism and to meet latency constraint, the
SpMYV can include multiple buffers. In one aspect, SpMV may include two sparse matrix
buffers, two pointer buffers, and two output buffers. For example, two sparse matrix buffers
are configured in alternate buffer mode for buffering sparse matrix coefficients, two pointer
buffers are configured in alternate buffer mode for buffering pointers representing non-zero
coefficient start positions in each column of the sparse matrix, while two output buffers are
configured in alternate buffer mode to output the calculation result from one output buffer

while the other output buffer is used to buffer the calculation result.

[0100] FIG. 11B is a flow diagram that is illustrative of a method, functional components of
an apparatus, and code segments of a computer program in accordance with aspects of the
disclosure. Data symbols are processed for generating 1151 a base expanded matrix having a
plurality of rows and a plurality of columns, wherein a sum of values in each row can
produce a base signal vector, such as a discrete-time signal. Values in at least one column of

the base expanded matrix are updated 1152 to produce an updated expanded matrix. The
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values in each row of the updated expanded matrix are summed 1153 to produce an updated

signal vector.

[0101] At least one feature of the updated expanded matrix and/or the updated signal vector
may be measured 1154. If only the updated expanded matrix is measured 1154, then the
diagram may flow directly from update 1152 to measure 1154. If an updated expanded matrix
meets at least one measurement criterion in 1154, the rows of the expanded matrix may be
summed 1153. In an aspect, the measurement in 1154 is used, at least in part, to control the
update operation 1152. In an aspect, the measurement in 1154 is used, at least in part, to
assign at least one updated expanded matrix as a base expanded matrix in 1151, which may

be subsequently updated 1152, such as in an iterative process.

[0102] Some aspects can be implemented in artificial neural networks (ANNS5), such as
ANNSs with dynamically generated filters. In an aspect, a filter-generating network produces
filters conditioned on an input. The input can comprise the input data d to 1151 and the filters
can comprise the weight values of w® employed in 1152. In an aspect, a dynamic filtering
layer applies the generated filters to another input. The input can comprise the input data d to
1151 and the filters can be applied in 1151 and/or 1152. The filter-generating network can be
implemented with any differentiable architecture, such as a multilayer perceptron or a
convolutional network. Element 1154 can function as a decision network, such as for
selecting sample-specific features, learning new filters, and/or operating as a prediction

network (e.g., a classifier).

[0103] In one aspect, FIG. 11B can generate filters given a sample-specific feature vector d.
The filters can comprise base and/or update weight values w®, which may be stored in a
filter repository, and which are referred to as base filters. The process can be configured to
learn a matrix that maps the feature vector d to a set of coefficients which will be used to
linearly combine the base filters in the repository to generate new filters. This can constitute
an additive update, for example. The set of coefficients can be implemented as an update
weight matrix (in combination with the base filters), such as in the techniques disclosed
herein. In another aspect, new filters may be generated directly from the feature vector d. In

an aspect, the system learns sample-specific features to be used for filter generation.
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[0104] In some aspects, filter sets can correspond to known physical properties of the input
signal, such as modulation, coding, spectral signature, bandwidth, CSI, SNR, etc., and such
properties can be used to train the network to represent these properties as a feature vector.
However, there can be other properties of the input, and the system can learn the mapping in
an unsupervised manner by employing the update techniques disclosed herein. In an aspect,
the system learns sample-specific features for filter generation, extracts the features from the
input data, maps a feature vector to a set of filters, and then employs a prediction network
that takes in the same input data and the generated filters to make a prediction for high level

tasks, such as detection, recognition, classification, etc.

[0105] The above detailed description set forth above in connection with the appended
drawings describes examples and does not represent the only examples that may be
implemented or that are within the scope of the claims. The term "example," when used in
this description, means "serving as an example, instance, or illustration," and not "preferred"
or "advantageous over other examples." The detailed description includes specific details for
the purpose of providing an understanding of the described techniques. These techniques,
however, may be practiced without these specific details. In some instances, well-known
structures and apparatuses are shown in block diagram form in order to avoid obscuring the

concepts of the described examples.

[0106] Information and signals may be represented using any of a variety of different
technologies and techniques. For example, data, instructions, commands, information,
signals, bits, symbols, and chips that may be referenced throughout the above description
may be represented by voltages, currents, electromagnetic waves, magnetic fields or particles,
optical fields or particles, computer-executable code or instructions stored on a computer-

readable medium, or any combination thereof.

[0107] The various illustrative blocks and components described in connection with the
disclosure herein may be implemented or performed with a specially-programmed device,
such as but not limited to a processor, a digital signal processor (DSP), an ASIC, a FPGA or
other programmable logic device, a discrete gate or transistor logic, a discrete hardware
component, or any combination thereof designed to perform the functions described herein. A
specially-programmed processor may be a microprocessor, but in the alternative, the

processor may be any conventional processor, controller, microcontroller, or state machine. A
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specially-programmed processor may also be implemented as a combination of computing
devices, e.g., a combination of a DSP and a microprocessor, multiple microprocessors, one or

more microprocessors in conjunction with a DSP core, or any other such configuration.

[0108] The functions described herein may be implemented in hardware, software executed
by a processor, firmware, or any combination thereof. If implemented in software executed
by a processor, the functions may be stored on or transmitted over as one or more instructions
or code on a non-transitory computer-readable medium. Other examples and implementations
are within the scope and spirit of the disclosure and appended claims. For example, due to the
nature of software, functions described above can be implemented using software executed
by a specially programmed processor, hardware, firmware, hardwiring, or combinations of
any of these. Features implementing functions may also be physically located at various
positions, including being distributed such that portions of functions are implemented at
different physical locations. Also, as used herein, including in the claims, "or" as used in a list
of items prefaced by "at least one of indicates a disjunctive list such that, for example, a list
of "at least one of A, B, or C" means A or B or C or AB or AC or BC or ABC (i.e., A and B
and C).

[0109] Computer-readable media includes both computer storage media and communication
media including any medium that facilitates transfer of a computer program from one place to
another. A storage medium may be any available medium that can be accessed by a general
purpose or special purpose computer. By way of example, and not limitation, computer-
readable media can comprise RAM, ROM, EEPROM, CD- ROM or other optical disk
storage, magnetic disk storage or other magnetic storage devices, or any other medium that
can be used to carry or store desired program code means in the form of instructions or data
structures and that can be accessed by a general- purpose or special-purpose computer, or a
general-purpose or special-purpose processor. Also, any connection is properly termed a
computer-readable medium. For example, if the software is transmitted from a website,
server, or other remote source using a coaxial cable, fiber optic cable, twisted pair, digital
subscriber line (DSL), or wireless technologies such as infrared, radio, and microwave, then
the coaxial cable, fiber optic cable, twisted pair, DSL, or wireless technologies such as
infrared, radio, and microwave are included in the definition of medium. Disk and disc, as
used herein, include compact disc (CD), laser disc, optical disc, digital versatile disc (DVD),

floppy disk and Blu-ray disc where disks usually reproduce data magnetically, while discs
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reproduce data optically with lasers. Combinations of the above are also included within the

scope of computer-readable media.

[0110] The previous description of the disclosure is provided to enable a person skilled in the
art to make or use the disclosure. Various modifications to the disclosure will be readily
apparent to those skilled in the art, and the common principles defined herein may be applied
to other variations without departing from the spirit or scope of the disclosure. Furthermore,
although elements of the described aspects and/or embodiments may be described or claimed
in the singular, the plural is contemplated unless limitation to the singular is explicitly stated.
Additionally, all or a portion of any aspect and/or embodiment may be utilized with all or a
portion of any other aspect and/or embodiment, unless stated otherwise. Thus, the disclosure
is not to be limited to the examples and designs described herein but is to be accorded the

widest scope consistent with the principles and novel features disclosed herein.

37



WO 2019/245931 PCT/US2019/037399

CLAIMS

1. A method of wireless communication, comprising:

synthesizing a communication signal; and

transmitting the communication signal over a wireless channel (112); the synthesizing
characterized by:

generating a base expanded matrix having a plurality of rows and a plurality of
columns (102, 104. A-104 F), wherein a sum of values in each row produces a base signal
vector;

updating values in at least one column of the base expanded matrix to produce an
updated expanded matrix (108.1-108.U); and

summing values in each row of the updated expanded matrix (110.1-110.U) to

produce an updated signal vector.

2. The method according to claim 1, further characterized by the updating comprising an
operation wherein a data matrix and a weight matrix are configured to commute under
multiplication (102, 106), thereby removing the data matrix and its inverse from the

operation.

3. The method according to claim 2, further characterized by removing the inverse of a base
weight matrix in the operation by setting an initial weight matrix to an Identity matrix
(151) or by setting the data matrix equal to a product of a previous weight matrix with a
previous data matrix (154-156, or 159) or by setting the base expanded matrix equal to a

previous updated expanded matrix.

4. The method according to any of the claims 1 to 3, further characterized by selecting the
updated expanded matrix (314) for further updating or for transmission over the wireless
channel based on at least one of peak-to-average-power ratio (PAPR) and multiple-input

multiple-output (MIMO) performance of at least the updated expanded matrix.

5. The method according to any of the claims 1 to 4, characterized in that the updating
values in at least one column of the base expanded matrix comprises at least one of
multiplying the base expanded matrix with a weight matrix, changing a sign of a selected

value in the base expanded matrix, deleting selected values in the base expanded matrix,
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10.

phase-shifting selected values in the base expanded matrix, performing bit operations on
selected values of the base expanded matrix, performing an additive update to the base

expanded matrix, and performing an additive update to the base signal vector.

The method according to any of the claims 1 to 5, characterized in that the updating
values in at least one column of the base expanded matrix changes at least one signal
parameter in the base signal vector, the at least one signal parameter comprising a data
symbol value, a resource unit mapping, a layer mapping, an antenna selection, a
spreading code, a selective mapping weight, a dummy symbol value, a precoding weight,
a pulse shape, a mixing matrix, sparsity pattern, or order of data symbols in a data

sequence.

The method according to any of the claims 1 to 6, characterized in that the updating
comprises an application of a machine learning algorithm to at least one of the base
expanded matrix, the base signal vector, the updated expanded matrix, and the updated
signal vector; and wherein the machine learning algorithm comprises an association-rule
machine learning algorithm, a clustering algorithm, a k-means algorithm, a collaborative
filtering algorithm, an artificial intelligence algorithm, an artificial neural network

algorithm, a filter-generating network, a dynamic filtering layer, or a prediction network.

The method according to any of the claims 1 to 7, wherein generating the base expanded
matrix comprises performing at least one of a matrix multiplication and an invertible

transform operation (104.A-104.F) on a matrix expansion of data symbols.

A computer program product, characterized by:
a computer-readable medium comprising:

code for causing a computer to implement the method of any of claims 1 to 8.

A network device operable in a wireless communication system, comprising;
means for synthesizing a communication signal; and
means for transmitting the communication signal over a wireless channel (112); the

means for synthesizing characterized by:
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11.

12.

13.

14.

means for generating a base expanded matrix having a plurality of rows and a
plurality of columns(102, 104. A-104.F), wherein a sum of values in each row
produces a base signal vector;

means for updating values in at least one column of the base expanded matrix to
produce an updated expanded matrix (108.1-108.U); and

means for summing values in each row of the updated expanded matrix (110.1-

110.U) to produce an updated signal vector.

The network device according to claim 10, further characterized by the means for
updating performing an operation wherein a data matrix and a weight matrix are
configured to commute under multiplication(102, 106), thereby removing the data matrix

and its inverse from the operation.

The network device according to claim 11, further characterized by removing the inverse
of a base weight matrix in the operation by setting an initial weight matrix to an Identity
matrix (151) or by setting the data matrix equal to a product of a previous weight matrix
with a previous data matrix (154-156, or 159) or by setting the base expanded matrix

equal to a previous updated expanded matrix.

The network device according to any of the claims 10 to 12, further characterized by the
means for transmitting configured for selecting the updated expanded matrix (314) for
transmission over the wireless channel based on at least one of peak-to-average-power
ratio (PAPR) and multiple-input multiple-output (MIMO) performance of at least the

updated expanded matrix.

The network device according to any of the claims 10 to 13, characterized in that
updating values in at least one column of the base expanded matrix changes at least one
signal parameter in the base signal vector, the at least one signal parameter comprising a
data symbol value, a resource unit mapping, a layer mapping, an antenna selection, a
spreading code, a selective mapping weight, a dummy symbol value, a precoding weight,
a pulse shape, a mixing matrix, sparsity pattern, or order of data symbols in a data

sequence.
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15. The network device according to any of the claims 10 to 14, further characterized by
applying a machine learning algorithm to at least one of the base expanded matrix, the
base signal vector, the updated expanded matrix, and the updated signal vector; and
wherein the machine learning algorithm comprises an association-rule machine learning
algorithm, a clustering algorithm, a k-means algorithm, a collaborative filtering
algorithm, an artificial intelligence algorithm, an artificial neural network algorithm, a

filter-generating network, a dynamic filtering layer, or a prediction network.
16. The network device according to any of the claims 10 to 15, characterized in that the

means for generating, the means for updating, and the means for summing comprises a

processor; and the network device further comprises a memory coupled to the processor.
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